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Experimental measurements collected by the BABAR, Belle, and LHCb experiments on different
observables associated with the semileptonic transition b → cτ ν¯τ , indicate the existence of dis-
agreement respect with the Standard Model predictions. These so-called charged-current B meson
anomalies include the eight years long-standing discrepancies on R(D) and R(D∗), together with
R(J/ψ) and the polarizations Pτ (D
∗) and FL(D∗) from B¯ → D∗τ ν¯τ . We analyse the charged scalar
boson contributions to these anomalies within the framework of two Higgs doublet model (2HDM)
with the most general Yukawa couplings to quarks and leptons from the third generation, involving
left-handed and right-handed (sterile) neutrinos. Considering the most recent data from HFLAV
world-average and Belle combination, the upper limits BR(B−c → τ−ν¯τ ) < 30% and 10%, and the
inclusive ratio R(Xc), we perform a phenomenological study of the parameter space, by paying spe-
cial attention to the right-handed neutrino solutions. We also include the prospect measurements
on R(D(∗)) that the Belle II experiment could achieve and explore the future implications to the
charged scalar boson scenario. Our results show that current experimental b→ cτ ν¯τ data and Belle
II projection favor the interpretation of a charged scalar boson interacting with right-handed neu-
trinos. Additionally, as a side analysis, we revisit the relation between R(D∗) and BR(B−c → τ−ν¯τ )
by investigating whether the claim that pseudoscalar new physics interpretations of R(D∗) are im-
plausible due to the Bc lifetime is still valid, to the light of the recent data and Belle II prospects on
R(D∗). Lastly, we reexamine addressing the R(D(∗)) anomalies in the context of the 2HDM of Type
II. We show that with the current Belle combined data is possible to obtain an available parameter
space on the plane (MH± , tanβ) for a simultaneous explanation of the anomalies, in consistency
with B → τ ν¯τ and bounds from inclusive radiative B decays. Moreover, projections at the Belle II
experiment suggest that the 2HDM of Type II would be no longer disfavored.
I. INTRODUCTION
The most recent experimental information accumulated by the BABAR, Belle, and LHCb experiments on the mea-
surements of the observables R(D(∗)) = BR(B → D(∗)τ ν¯τ )/BR(B → D(∗)`ν¯`), with ` = µ or e, R(J/ψ) = BR(Bc →
J/ψτν¯τ )/BR(Bc → J/ψµν¯µ), the τ polarization asymmetry Pτ (D∗) and the longitudinal polarization of the D∗
meson FL(D
∗) related with the channel B¯ → D∗τ ν¯τ have shown deviations from their corresponding Standard Model
(SM) estimations [1–18]. In Table I we summarize the current experimental measurements and the SM predictions
for these observables generated by the charged-current transition b → cτ ν¯τ . For completeness, the inclusive ratio
R(Xc) = BR(B → Xcτ ν¯τ )/BR(B → Xc`ν¯`), which is induced via the same transition b→ cτ ν¯τ [19], is also collected
in Table I. We can see that although the R(D(∗)) discrepancies have decreased with the latest measurements of Belle,
it is still interesting and worthwhile to analyse them in light of future data at Belle II, where it is expected statistical
and experimental improvements on the observables R(D(∗)) [20]. These charged-current B meson anomalies pose an
interesting challenge, at theoretical level, in order to propose possible scenarios of physics beyond SM according to
current and future experimental results.
Several model-independent analyses of new physics (NP) explanations regarding the most general dimension-six
effective Lagrangian with the current b→ cτ ν¯τ data have been explored [21–29]. One of the possible NP scenarios that
could address the aforementioned anomalies is to consider sizeable scalar couplings that arise from a charged scalar
boson. This is the case of the well known two-Higgs doublet model (2HDM) which has been widely studied [30–48]. In
the situation of the 2HDM of type II, this model is not favored by the experimental results reported by the BABAR
experiment in 2012 and 2013 [1, 2]. However, subsequent analysis performed by the Belle Collaboration in 2015 and
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2Observable Expt. measurement SM prediction
R(D) 0.307± 0.037± 0.016 Belle-2019 [9] 0.299 ± 0.003 [12, 13]
0.326± 0.034 Belle combination [9]
0.340± 0.027± 0.013 HFLAV [12]
R(D∗) 0.283± 0.018± 0.014 Belle-2019 [9] 0.258 ± 0.005 [12, 13]
0.283± 0.018 Belle combination [9]
0.295± 0.011± 0.008 HFLAV [12]
R(J/ψ) 0.71± 0.17± 0.18 [14] 0.283 ± 0.048 [16]
Pτ (D
∗) −0.38± 0.51+0.21−0.16 [10, 11] −0.497± 0.013 [17]
FL(D
∗) 0.60± 0.08± 0.035 [15] 0.46± 0.04 [18]
R(Xc) 0.223 ± 0.030 [19] 0.216 ± 0.003 [19]
TABLE I. Experimental status and SM predictions on observables related to the charged transition b→ cτ ν¯τ .
2016 [3, 4] showed compatibility with the 2HDM of Type II. In particular, in Ref. [5] was discussed the compatibility
of the Belle results reported for R(D(∗)) in 2016 with the 2HDM of Type II and found that these results seem to favor
the parametric space with small values of tanβ/MH± , where tanβ and MH± are the ratio of vacuum expectation
values and the charged Higgs boson mass, respectively. Thus, the 2HDM of Type II was ruled out as an interpretation
of the anomalies and different versions of the 2HDM were put forward in the literature, such as, type III (generic),
type X (lepton-specific), flipped, and aligned, that, in general, can provide an explanation to the R(D(∗)) anomalies
under certain phenomenological assumptions [30–48]. Furthermore, the parametric space of charged scalar boson
interpretations has to confront strong constraints from the upper limits on the branching ratio of the tauonic Bc
decay, BR(B−c → τ−ν¯τ ) . 30% and 10%, which are imposed from the lifetime of Bc [49] and the LEP data taken at
the Z peak [50], respectively.
Another perspective to explain the charged-current B meson anomalies is to assume that NP might be connected
with right-handed neutrinos. In this direction, several authors have incorporated a right-handed neutrino in the
most general effective Hamiltonian for the b → cτ ν¯τ transition with different mediators (a charged scalar boson,
a heavy charged vector boson or a leptoquark) with the purpose of exploring scenarios of NP that could explain
some observables related with this transition [23, 26, 27, 47, 51–62]. With the assumption of a sterile right-handed
neutrino with small mass, as a singlet of the gauge group of the SM, there is no interference between contributions
of left-handed and right-handed neutrinos, so the branching ratio of b → cτν is given by an incoherent sum of these
contributions: BR(b→ cτ ν¯τ ) = BR(b→ cτ ν¯L) + BR(b→ cτ ν¯R).
In this work, we perform a systematic and general model-independent study about the impact of charged scalar con-
tributions to the charged current transition b→ cτ ν¯τ , including light right-handed neutrinos. The inclusion of sterile
neutrinos allows additional scalar contributions in the effective Hamiltonian that could disentangle the discrepancy
between experimental measurements and SM predictions for the charged-current B-meson anomalies. In our study
we consider the observables R(D(∗)), R(J/ψ), Pτ (D∗), FL(D∗), the inclusive R(Xc), and constraints derived from the
branching ratio of Bc → τ ν¯τ . Recently, the impact of the mentioned scalar contributions with right-handed neutrinos
on several observables related with the b→ cτ ν¯τ transition was performed in Refs. [23, 55], exploring the parametric
space of the Wilson coefficients that could explain the anomalies. In our work, we include additional elements as
the projected Belle II sensitivities and a complete analysis of the parametric space of the Yukawa couplings, which
is not straightforward because there is no a trivial relation among the Wilson coefficients and the Yukawa couplings.
None of these previous studies [23, 55] included these relevant aspects in their analysis. In particular, the future mea-
surements at the ongoing Belle II experiment are a matter of importance to confirm or refute the tantalizing NP hints.
Additionally, we reexamine the relation between the observable R(D∗) and BR(Bc → τ ν¯τ ), reported in Refs. [49, 50],
in light of Belle combination [9] and LHCb [7] experimental results, and the projection at Belle II experiment with an
integrated luminosity of 50 ab−1 [20]. This analysis is very important because the constraint on BR(Bc → τ ν¯τ ) affects
substantially the contributions from scalar operators [27–29]. We also reanalyze the parametric space (MH± , tanβ)
in order to determine if the 2HDM of Type II is still disfavored to explain the R(D∗) anomalies considering the recent
experimental results of Belle [9] and the projected Belle II experiment [20].
This paper is organized as follows. In Sec. II, we present the expressions for the observables R(D(∗)), R(J/ψ),
Pτ (D
∗), FL(D∗), R(Xc) and BR(Bc → τν), in terms of the Wilson coefficients associated to scalar contributions
3considering left and right-handed neutrinos. In Sec. III, we perform a phenomenological analysis on the parametric
space of Wilson coefficients and Yukawa couplings, considering the recent experimental results of Belle and the future
projection at Belle II experiment, to determine possible regions where scalar contributions with right-handed neutrinos
could explain the charged B-meson anomalies. In Sec. IV, We dig into the relation between the R(D∗) anomaly and
the BR(Bc → τν) considering constrains of 30% and 10% and the recent and projected results of Belle. In Sec. V,
we reanalyze the old discussion if the 2HDM of type II is still rule out to interpret the R(D(∗)) anomalies. Our main
conclusions are given in Sec. VI. Finally, in the appendix we perform a detailed phenomenological study of a general
2HDM in order to calculate the effective Yukawa couplings and the Wilson coefficients.
II. SCALAR CONTRIBUTIONS TO THE b→ cτ ν¯τ OBSERVABLES
The effective Hamiltonian for the charged-current b → cτ ν¯τ that includes all the four-fermion scalar operators,
considering both left- and right-handed neutrinos, has the following form [23, 51–55]
Heff(b→ cτ ν¯τ ) = 4GF√
2
Vcb
[
(c¯γµPLb)(τ¯ γ
µPLντ ) + C
LL
S (c¯PLb)(τ¯PLντ ) + C
RL
S (c¯PRb)(τ¯PLντ )
+CLRS (c¯PLb)(τ¯PRντ ) + C
RR
S (c¯PRb)(τ¯PRντ )
]
+ h.c., (1)
where PR,L = (1±γ5)/2, GF is the Fermi coupling constant and Vcb is the charm-bottom Cabbibo-Kobayashi-Maskawa
(CKM) matrix element. The first term corresponds to the SM contribution from a virtual W boson exchange, while
the remaining four terms correspond to the all possible charged scalar contributions. The information of these NP
operators is codify through the scalar Wilson coefficients (WCs) CXYS , where the first index X = L,R represents
the quark-current quirality projection, while the second one Y = L,R is related with the leptonic-current quirality
projection. Thus, Eq. (1) contains all of the dimension-six scalar operators involving both left-handed (LH) and
right-handed (RH) neutrinos. We will assume that NP effects are only present in the third generation of leptons
(τ, ντ ). This assumption is motivated by the absence of deviations from the SM for light lepton modes ` = e or µ.
The ratios R(M) (M = D,D∗, J/ψ), and the D∗ and τ longitudinal polarizations can be written in terms of the
scalar WCs CLLS , C
RL
S , C
LR
S , and C
RR
S [51–53]. The numerical expressions for these contributions are [51–53]:
R(D) = R(D)SM
[
1 + 1.49 Re(CRLS + C
LL
S )
∗ + 1.02
(|CRLS + CLLS |2 + |CLRS + CRRS |2)], (2)
R(D∗) = R(D∗)SM
[
1 + 0.11 Re(CRLS − CLLS )∗ + 0.04
(|CRLS − CLLS |2 + |CLRS − CRRS |2)], (3)
R(J/ψ) = R(J/ψ)SM
[
1 + 0.12 Re(CRLS − CLLS )∗ + 0.04
(|CRLS − CLLS |2 + |CLRS − CRRS |2)], (4)
FL(D
∗) = FL(D∗)SM r−1D∗
[
1 + 0.24 Re(CRLS − CLLS )∗ + 0.08
(|CRLS − CLLS |2 + |CLRS − CRRS |2)], (5)
Pτ (D
∗) = Pτ (D∗)SM r−1D∗
[
1− 0.22 Re(CRLS − CLLS )∗ − 0.07
(|CRLS − CLLS |2 + |CLRS − CRRS |2)], (6)
with rD∗ = R(D
∗)/R(D∗)SM. The numerical formula for R(J/ψ) has been obtained by using the analytic expressions
and form factors given in Ref. [16]. Similarly, the tauonic decay B−c → τ−ν¯τ is also modified as follows [51–53]
BR(B−c → τ−ν¯τ ) = BR(B−c → τ−ν¯τ )SM
[∣∣∣∣1 + m2Bcmτ (mb +mc) (CRLS − CLLS )
∣∣∣∣2 + ∣∣∣∣ m2Bcmτ (mb +mc) (CLRS − CRRS )
∣∣∣∣2],
(7)
where m2Bc/mτ (mb + mc) = 4.33. Finally, the ratio R(Xc) of inclusive semileptonic B decays in the 1S scheme can
be written as [19]
R(Xc) = R(Xc)SM
[
1 + 0.096 Re(CRLS − CLLS )∗ + 0.493 Re(CRLS + CLLS )∗
+0.031
(|CRLS − CLLS |2 + |CLRS − CRRS |2)+ 0.327(|CRLS + CLLS |2 + |CLRS + CRRS |2)]. (8)
This formula was obtained by following the trick described in Ref. [52], in which the contributions of scalar Wilson
coefficients with RH neutrinos are calculated by using parity transformation (L R). Without loss of generality, in
the following, we will restrict our analysis to the case of real scalar WCs1.
1 In Ref. [22] has been shown that the case of complex WCs do not provide an improvement in the description of the data.
4III. PHENOMENOLOGICAL ANALYSIS
Before to addressing the charged-current B meson anomalies in terms of scalar WCs, it is necessary to discuss the
present-day experimental measurements on the ratios R(D) and R(D∗) (see Table I). The most recent world-average
values reported by the Heavy Flavor Averaging Group (HFLAV) on the measurements of R(D) and R(D∗) [12, 13] ex-
ceed the SM predictions by 1.4σ and 2.5σ, respectively. These averages include the Belle Collaboration measurements
released in 2019 [9], which are in agreement with the SM predictions within 0.2σ and 1.1σ, respectively. Furthermore,
the Belle combination averages on R(D(∗)) are in accordance with the SM within 0.8σ and 1.4σ, respectively [9]. Given
this current experimental situation and the importance of Belle efforts to improve the measurements on R(D(∗)), we
will consider in our analysis two different sets of observables, namely
• Set 1 (S1): R(D(∗)) HFLAV, R(J/ψ), FL(D∗), Pτ (D∗), R(Xc),
• Set 2 (S2): R(D(∗)) Belle combination, R(J/ψ), FL(D∗), Pτ (D∗), R(Xc),
where the corresponding theoretical and experimental values are given in Table I. The purpose of these two sets is
to observe the significance of the recent HFLAV world-average and Belle combination data [9, 12, 13], as well as to
provide a robust analysis by regarding the available experimental information on all of the charged transition b→ cτ ν¯τ
observables, namely the ratios R(J/ψ), R(Xc), and the polarizations Pτ (D
∗), FL(D∗) reported by Belle [10, 11, 15].
Moreover, we will consider into the analysis the upper bounds BR(B−c → τ−ν¯τ ) < 30% [49] and 10% [50] to put
constraints on the scalar NP scenarios. Keeping this in mind, we determine the regions in the parameter space favored
by the experimental data for the set of observables S1 and S2.
Projected Belle II scenarios
Within the physics program of the Belle II experiment [20] is expected that improvements at the level of ∼ 3% and
∼ 2% will be achieved, for the statistical and systematic uncertainties of R(D) and R(D∗), respectively. Taking into
account in our analysis the projected uncertainties on R(D(∗)) when an integrated luminosity of 50 ab−1 data will
be accumulated [20] and assuming the current Belle combination R(D)-R(D∗) correlation (ρ = −0.47 [9]), we also
examine the prospects of Belle II by considering two benchmark projected scenarios, i.e., plausible scenarios within
the reach and capability of Belle II. These two scenarios are:
1. Belle II-P1: Belle II measurements on R(D(∗)) keep the central values of Belle combination averages with the
projected Belle II sensitivities for 50 ab−1.
2. Belle II-P2: Belle II measurements on R(D(∗)) are in agreement with the current SM predictions at the 0.1σ
level with the projected Belle II sensitivities for 50 ab−1.
These scenarios were previously considered in the analysis of Ref. [53], but considering the HFLAV 2018 world-average
values. Here, we will re-examine them based on the most recent Belle data.
Fit procedure
We carry out a standard χ2 analysis with the above-mentioned Oi observables associated with the transition
b→ cτ ν¯τ . The χ2 function is written as [63]
χ2(CXYS ) =
Nobs∑
i,j
[Oexpi −Othi (CXYS )]C−1ij [Oexpj −Othj (CXYS )], (9)
where Nobs is the number of observables, Oexpi are the experimental measurements, and Othi are the theoretical
observables, Eqs. (2)-(6) and (8), which are function of the scalar WCs CXYS (XY = LL,RL,LR,RR). The covariance
matrix C is the sum of the experimental and theoretical uncertainties, and includes the experimental correlation
between R(D) and R(D∗). We will use in our analysis the correlation values −0.38 and −0.47, from HFLAV [12, 13]
and Belle combination [9], respectively.
We first get the minimum of the χ2 function (χ2min), and then we use it to assessing the p-value as a measured
of goodness-of-fit. The p-value allow us to quantify the level of agreement between the data and the NP scenarios
hypothesis [63]. The p-values are obtained as one minus cumulative function distribution for a certain number of
5Set S1 (χ2SM = 19.1, p-valueSM = 7.6× 10−4)
Two scalar WCs BFP p-value (%) pullSM 1σ intervals
(CLLS , C
RL
S ) (-1.28,-0.25) 48.5 2.69 C
LL
S ∈ [−1.33,−1.22] CRLS ∈ [−0.30,−0.18]
(CLLS , C
LR
S ) (-0.91,-0.78) 46.8 2.68 C
LL
S ∈ [−1.04,−0.68] CLRS ∈ [−0.83,−0.71]
(CLLS , C
RR
S ) (-0.91,-0.78) 46.8 2.68 C
LL
S ∈ [−1.04,−0.68] CRRS ∈ [−0.83,−0.71]
(CLRS , C
RR
S ) (1.15,-0.82) 44.1 2.64 C
LR
S ∈ [1.02, 1.25] CRRS ∈ [−1.04,−0.70]
Set S2 (χ2SM = 11.2, p-valueSM = 2.4× 10−2)
Two scalar WCs BFP p-value (%) pullSM 1σ intervals
(CLLS , C
RL
S ) (-1.22,-0.21) 50.3 1.31 C
LL
S ∈ [−1.29,−1.14] CRLS ∈ [−0.30,−0.11]
(CLLS , C
LR
S ) (-0.92,-0.68) 49.3 1.30 C
LL
S ∈ [−1.07,−0.55] CLRS ∈ [−0.75,−0.59]
(CLLS , C
RR
S ) (-0.92,-0.68) 49.3 1.30 C
LL
S ∈ [−1.07,−0.55] CRRS ∈ [−0.75,−0.59]
(CLRS , C
RR
S ) (0.95,-0.95) 45.7 1.24 C
LR
S ∈ [0.63, 1.18] CRRS ∈ [−1.18,−0.63]
TABLE II. Best-fit point (BFP) values, p-value, pullSM, and 1σ allowed intervals by allowing two scalar WCs different from
zero to fit the set of observables S1 and S2.
Belle II-P1
Two scalar WCs 1σ intervals
(CLLS , C
RL
S ) C
LL
S ∈ [−1.11,−1.06] CRLS ∈ [−0.41,−0.36]
(CLLS , C
LR
S ) C
LL
S ∈ [−0.69,−0.49] CLRS ∈ [−0.75,−0.71]
(CLLS , C
RR
S ) C
LL
S ∈ [−0.69,−0.49] CRRS ∈ [−0.75,−0.71]
(CLRS , C
RR
S ) C
LR
S ∈ [0.69, 0.93] CRRS ∈ [−0.84,−0.61]
Belle II-P2
Two scalar WCs 1σ intervals
(CLLS , C
RL
S ) C
LL
S ∈ [−0.77,−0.72] CRLS ∈ [−0.73,−0.69]
(CLLS , C
LR
S ) C
LL
S ∈ [−0.04, 8× 10−4] CLRS ∈ [−0.26,−0.05]
(CLLS , C
RR
S ) C
LL
S ∈ [−0.02, 8× 10−4] CRRS ∈ [−0.26,−0.05]
(CLRS , C
RR
S ) C
LR
S ∈ [−5× 10−3, 0.38] CRRS ∈ [−0.32, 0.06]
TABLE III. Projections Belle II-P1 and Belle-P2 of the 1σ allowed intervals for two scalar WCs different from zero.
degrees of freedom (Ndof) [26, 28, 29, 63]. Ndof is equal to Ndof = Nobs − Npar, where Npar is the number of
parameters to be fitted. In our analysis we have Nobs = 6 for both set of observables S1 and S2. In addition, we also
calculate the pull of the SM (pullSM) defined as the p-value corresponding to χ
2
SM − χ2min, with χ2SM = χ2(0), and
converted into an equivalent significance in units of standard deviation (σ) [26, 28, 29, 63].
A. Analysis on the parametric space of the scalar Wilson coefficients
In this analysis we are only interested in two-dimension scenarios regarding scalar WCs. We fit the set of observables
S1 and S2 by allowing two scalar WCs different from zero (and setting the others two equal to zero). Depending on
the choices for the chiral charges, we have identify three different benchmark scenarios, namely,
1. (CLLS , C
RL
S ): operators with only LH neutrinos,
2. (CLLS , C
LR
S ) and (C
LL
S , C
RR
S ): mixed operators with LH + RH neutrinos,
3. (CLRS , C
RR
S ): operators with only RH neutrinos.
In Table II we report our results of the best-fit point (BFP) values, p-value, pullSM, and 1σ allowed intervals. In these
two scalar WCs scenarios Npar = 2, thus Ndof = 4. For the SM we obtained χ
2
SM = 19.1 (11.2) for the set S1 (S2),
corresponding to a p-valueSM = 7.6× 10−4 (2.4× 10−2). The largest p-value is obtained for the benchmark scenario
(CLLS , C
RL
S ), however, scenarios with RH neutrinos have also a favorable p-value. In general, these scenarios provide
good quality to adjust the experimental b → cτ ν¯τ anomalies. We have checked that smaller p-values of the order
∼ 24%, ∼ 33% and ∼ 18% are obtained for the cases of one, three or four non-zero scalar WCs, respectively, and they
do not provide good fits of the data. Furthermore, we show in Table III the Belle II-P1 and Belle-P2 projections of the
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FIG. 1. The 95% C.L. allowed parameter space for the set of observables S1 [green region] and S2 [yellow region] in the
planes: (a) (CLLS , C
RL
S ), (b) (C
LL
S , C
LR
S ) or (C
LL
S , C
RR
S ), and (c) (C
LR
S , C
RR
S ). The cyan and gray hatched regions represent
the excluded regions by the 30% and 10% upper limits on BR(Bc → τ ν¯τ ), respectively. The projections Belle II-P1 and Belle
II-P2 for an integrated luminosity of 50 ab−1 are illustrated by the blue dotted and red dashed contour lines, respectively (See
the text for details).
1σ allowed intervals for two scalar WCs scenarios. The Belle II-P1 projection would still allow sizeable couplings, thus,
leaving room for significant NP contributions. While for Belle II-P2, these scenarios would be, in general, strongly
constrained.
To further discussion, we plot in Fig. 1 the 95% confidence level (C.L.) allowed parameter space in the planes:
(a) (CLLS , C
RL
S ), (b) (C
LL
S , C
LR
S ) or (C
LL
S , C
RR
S ), and (c) (C
LR
S , C
RR
S ). The green and yellow regions are obtained
by considering the set of observables S1 and S2, respectively. The cyan (gray) hatched region shows the disallowed
parameter space by BR(B−c → τ−ν¯τ ) < 30% (10%). The projections Belle II-P1 and Belle II-P2 for an integrated
luminosity of 50 ab−1 are illustrated by the blue dotted and red dashed contour lines, respectively. The following
remarks are obtained:
1. In all of the benchmark two WCs scenarios considered, the allowed regions by the set of observables S1 (domi-
nated by R(D(∗)) HFLAV) are ruled out by BR(B−c → τ−ν¯τ ) < 30% and 10%, which is in agreement with the
recent analysis of Ref. [23, 26]. Similarly, the available regions from projection Belle II-P1 indicates that these
scenarios would be excluded.
2. For the scenario with only LH neutrinos, plane (CLLS , C
RL
S ), it is observed that there are two-fold small allowed
regions by the set of observables S2. Moreover, projection Belle II-P2 would leave a small window for NP
contributions without violating BR(B−c → τ−ν¯τ ) < 30% and 10%.
3. As for the scenario LH + RH neutrinos, planes (CLLS , C
LR
S ) or (C
LL
S , C
RR
S )
2, it is also found two-fold small
allowed regions by the set of observables S2, and the projection Belle II-P2 would severely constrain the allowed
parameter space.
4. Finally, the case with only RH neutrinos, plane (CLRS , C
RR
S ), our findings show two-fold allowed regions by the
set S2, that would be reduced by projection Belle II-P2, but still leaving allowed parameter space. Thus, the
effective scalar operator with only RH neutrinos offers an interesting solution to the current b→ cτ ν¯τ data.
B. Analysis on the parametric space of Yukawa couplings
The previous analysis was made in terms of the scalar WCs involving LH and RH neutrinos. Here, we go a step
forward by exploring the implications on the parametric space associated with the charged Higgs Yukawa couplings
to the quarks and leptons in the generic 2HDM that can accomodate the charged-current B meson anomalies. In the
2 Let us notice that the allowed region in the plane (CLLS , C
LR
S ), is the same as in the plane (C
LL
S , C
RR
S ). This is due to the fact that
the scalar WCs, CLRS and C
RR
S , have the same polynomial behavior in all of the observables.
7literature, 2HDMs with a more generic flavor structure have been extensively explored as an explanation to the R(D(∗))
discrepancies [30–46]. In all these works, the neutrinos have been considered to be LH. Only in Refs. [37, 47, 48], a
generic 2HDM involving RH neutrinos has been studied to address the anomalies. In the following, we will study the
scenarios for a charged scalar boson with general Yukawa couplings involving LH and RH neutrinos. By “general” we
will refer to Yukawa couplings without additional assumptions, such as Cheng-Sher ansatz.
The most general Lagrangian for the b → cτ ν¯τ transition induced by the Yukawa couplings of a charged scalar
boson H± is given by (see Eq. (A12))
LH±(b→ cτ ν¯τ ) =−H+
(
c¯XDcbPRb− c¯XU∗bc PLb+ ν¯XEνττPRτ − ν¯XN∗τντPLτ
)
−H− (b¯XD∗cb PLc− b¯XUbcPRc+ τ¯XE∗νττPLν − τ¯XNτντPRν) , (10)
where XUbc, X
D
cb , X
E
νττ , and X
N
τντ are the Yukawa couplings to the up-quarks, down-quarks, charged leptons and
neutrinos, respectively, with Xfgh = (X
f
hg)
∗. We will use the shorthand notation XEτ ≡ XEνττ and XNτ ≡ XNτντ . In
particular, we want to emphasize that the fourth term in the previous expression corresponds to the neutrino Yukawa
coupling XNτ , which describes the interaction between the RH neutrino and a charged scalar boson. While the third
term, is the charged lepton (electron-like) Yukawa coupling XEτ that usually appears for LH neutrinos. In Appendix A,
we provide details on the derivation of the Yukawa Lagrangian, Eq. (10), within a general 2HDM with the inclusion
of RH neutrinos. To avoid dangerous tree-level flavor-changing neutral currents, we will impose the aligned condition
on the down-type quarks.
After integrating out H±, the scalar WCs from the effective four-fermion Hamiltonian, Eq. (1), are written as (see
appendix A 1)
CLLS = +
√
2
4GFV CKMcb
(
XU∗bc
) (
XE∗τ
)
M2H±
, (11)
CRLS = −
√
2
4GFV CKMcb
(
XDcb
) (
XE∗τ
)
M2H±
, (12)
CLRS = −
√
2
4GFV CKMcb
(
XU∗bc
) (
XNτ
)
M2H±
, (13)
CRRS = +
√
2
4GFV CKMcb
(
XDcb
) (
XNτ
)
M2H±
, (14)
with MH± being the H
± charged scalar boson mass. Thus, the b→ cτ ν¯τ observables, Eqs. (2) to (8), can be expressed
in terms of the effective scalar and pseudoscalar contributions, namely
CRLS ± CLLS =
√
2
4GFV CKMcb
(±XU∗bc −XDcb) (XE∗τ )
M2H±
, (15)
CLRS ± CRRS =
√
2
4GFV CKMcb
(−XU∗bc ±XDcb) (XNτ )
M2H±
, (16)
for LH and RH neutrinos, respectively. In the most general case, three Yukawa couplings are always involved in a
non trivial way. Keeping this in mind, we perform a χ2 analysis by allowing three Yukawa couplings different from
zero, i.e., (XUbc, X
D
cb , X
E
τ ) for LH neutrinos scenarios and (X
U
bc, X
D
cb , X
N
τ ) for RH neutrinos scenarios, respectively. We
found that simplified scenarios regarding two Yukawa couplings (up- or down-quark and lepton or neutrino) cannot
simultaneously accomodate the R(D) and R(D∗) data (even relaxing the uncertainties at the 2σ level) yielding to
p-values . 8%. In the following analysis, for the sake of simplicity, we consider these Yukawa couplings as real
(charge-parity conserving) arbitrary free parameters. In addition, we will take a representative charged Higgs mass
of MH± = 500 GeV, which corresponds to a benchmark mass value used in the literature [42, 44, 48].
We display in Table IV the BFP values, p-value, and pullSM by allowing three Yukawa couplings different from zero
to fit the set of observables S1 and S2. Particularly, we observe that the neutrino Yukawa couplings must be as large
as one (|XNτ | ∼ 1) to reproduce the b → cτ ν¯τ data. Furthermore, the 95% C.L. allowed two dimensional parameter
space in the Yukawa couplings planes: (a) (XUbc, X
E
τ ), (b) (X
D
cb , X
E
τ ), (c) (X
U
bc, X
N
τ ) and (d) (X
D
cb , X
N
τ ), are shown in
Fig. 2. The green and yellow regions represent the allowed parameter space that simultaneously can accommodate the
set of observables S1 and S2, respectively. In each case, we vary the Yukawa couplings on the plane while keeping the
remaining one at the BFP. The hatched regions in gray and cyan refer to the excluded regions by the 10% and 30%
upper limits on BR(Bc → τ ν¯τ ), respectively. The prospects Belle II-P1 and Belle II-P2 for an integrated luminosity of
50 ab−1 [20] are illustrated by the blue dotted and red dashed contour lines, respectively. According to our analysis,
we get the following remarks:
8Set S1 (χ2SM = 19.1, p-valueSM = 7.6× 10−4)
Yukawa couplings BFP p-value (%) pullSM
(XUbc, X
D
cb, X
E
τ ) (0.33, 0.38,−0.47) 28.8 2.95
(XUbc, X
D
cb, X
N
τ ) (−0.35,−0.25,−1.09) 28.9 2.95
Set S2 (χ2SM = 11.2, p-valueSM = 2.4× 10−2)
Yukawa couplings BFP p-value (%) pullSM
(XUbc, X
D
cb, X
E
τ ) (0.23, 0.25,−0.64) 28.4 1.56
(XUbc, X
D
cb, X
N
τ ) (−0.38, 0.31,−0.90) 27.7 1.54
TABLE IV. BFP values, p-value, and pullSM by allowing three Yukawa couplings different from zero to fit the set of observables
S1 and S2.
1. For the Yukawa couplings planes (XUbc, X
E
τ ) and (X
D
cb , X
E
τ ) related with LH neutrinos, panels 2(a) and 2(b),
Yukawa couplings regions with absolute values of the order O(10−1) are allowed by the set of observables S1
and S2, as well as by the prospects Belle II-P1 and Belle II-P2.
2. As concerns with the neutrino Yukawa couplings planes (XUbc, X
N
τ ) and (X
D
cb , X
N
τ ) (RH neutrino solutions),
panels 2(c) and 2(d), both for set of observables S1 and S2 there is a wide allowed region Yukawa couplings
with absolute values of the order O(10−1), that would be reduced by the projection Belle II-P2. The case of
projection Belle II-P1 would be almost excluded because of bounds BR(B−c → τ−ν¯τ ) < 30% and 10%. Our
results imply that current experimental b→ cτ ν¯τ data favors the interpretation of a charged scalar boson with
right-handed neutrinos.
IV. DIGGING INTO THE RELATION BETWEEN R(D∗) AND BR(B−c → τ−ν¯τ )
The importance of the relation between R(D∗) and BR(B−c → τ−ν¯τ ) was first pointed out in Ref. [49], where
an upper limit of BR(B−c → τ−ν¯τ ) ≤ 30% is imposed by considering the lifetime of Bc. This bound puts strong
constraints on the pseudoscalar interpretation to R(D∗) generated by the effective coupling P = CRLS − CLLS [49].
Later on, a stronger bound of BR(B−c → τ−ν¯τ ) ≤ 10% was obtained in Ref. [50] from the LEP data taken at the
Z peak. Recently, these limits have been critically examined and relaxed bounds of ≤ 39% [27] and ≤ 60% [28, 29]
have been obtained. In the following, we revisit whether the claim that pseudoscalar NP interpretations of R(D∗) are
implausible [49] is still valid (or not) to the light of the recent measurements,
R(D∗) = 0.295± 0.014 HFLAV [12, 13],
R(D∗) = 0.284± 0.018 Belle combination [9], (17)
R(D∗) = 0.291± 0.035 LHCb [7],
by considering BR(B−c → τ−ν¯τ ) < 30% [49] and 10% [50]. We also include in our analysis the Belle II prospects Belle
II-P1 and Belle II-P2 described in Sec. III, to see the future implications that could be achieved at Belle II for an
integrated luminosity of 50 ab−1 [20].
In Fig. 3 we plot the relation between R(D∗) and BR(B−c → τ−ν¯τ ) for R(D∗) from (a) HFLAV [12, 13], (b) Belle
combination [9], (c) LHCb [7], and (d) Belle II prospects Belle II-P1 and Belle II-P1 for 50 ab−1. In all the cases,
the band represents the 1σ experimental value. The red solid line shows the parametric dependence of R(D∗) and
BR(B−c → τ−ν¯τ ) on the effective coupling P , while the dashed and dotted horizontal lines represent the upper limit
BR(B−c → τ−ν¯τ ) < 30% and 10%, respectively. The SM value is represented by the black circle. It is found that the
1σ allowed solutions are
HFLAV : P = [0.66, 1.23],
Belle combination : P = [0.26, 1.11],
LHCb : P = [0.0, 1.53], (18)
Belle II-P1 : P = [0.58, 0.86],
Belle II-P2 : P = [0.0, 0.23],
respectively, as depicted in Fig. 3. In order to fulfill the bound BR(B−c → τ−ν¯τ ) < 30% (10%), the maximum value
required is maxP = 0.63 (0.26), corresponding to a value of R(D
∗) = 0.281 (0.266). For the case of HFLAV, the allowed
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FIG. 2. The 95% C.L. allowed two dimensional parameter space for the sets S1 [green region] and S2 [yellow region] in
the Yukawa coupling planes: (a) (XUbc, X
E
τ ), (b) (X
U
bc, X
N
τ ), (c) (X
D
cb, X
E
τ ) and (d) (X
D
cb, X
N
τ ), for a charged Higgs mass of
MH± = 500 GeV. The hatched regions in gray and cyan represent the excluded regions by the 10% and 30% upper limits
on BR(Bc → τ ν¯τ ), respectively. The projections Belle II-P1 and Belle II-P2 for an integrated luminosity of 50 ab−1 [20] are
illustrated by the blue dotted and red dashed contour lines, respectively. In each case, we vary the Yukawa couplings on the
plane while keeping the remaining one at the BFP.
P values violate the bound BR(B
−
c → τ−ν¯τ ) < 30%. In contrast, the allowed P values for Belle combination satisfy
both BR(B−c → τ−ν¯τ ) < 30% and 10%. On the other hand, the experimental uncertainties of the LHCb data are
large enough to be consistent with the bounds BR(B−c → τ−ν¯τ ) < 30% and 10%, as well as with the SM. As for
the Belle II-P1 would only respect the limit of 30%, while for Belle II-P2, small values of P would be favored in
fulfillment with the limits of 30% and 10%. In addition, Belle II-P2 would also be able to prove an aggressive bound
of BR(B−c → τ−ν¯τ ) < 5%.
Therefore, BR(B−c → τ−ν¯τ ) < 30% [49] still disfavors the P pseudoscalar explanation of the R(D∗) HFLAV
average, while this is no longer the case for the R(D∗) data from Belle combination [9] and LHCb [7]. The projection
Belle II-P1 would not be in conflict with BR(B−c → τ−ν¯τ ) < 30%, whereas the projection Belle II-P2 would lead to
stronger constraints than those obtained from BR(B−c → τ−ν¯τ ). Certainly, future measurements by Belle II [20] (as
well as LHCb) experiment are required in order to clarify this situation.
V. REEXAMINING THE EXPLANATION FROM 2HDM OF TYPE II
The 2HDM of Type II provides one of the simplest scenarios with charged scalar bosons (H±). Within this frame-
work, the NP effects of a charged Higgs boson depend on the mass of charged scalar boson MH± and tanβ (defined as
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FIG. 3. Relation between R(D∗) and BR(B−c → τ−ν¯τ ) for R(D∗) from (a) HFLAV [12, 13], (b) Belle combination [9], (c)
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FIG. 4. BR(B−c → τ−ν¯τ ) in the 2HDM of type II as a function of tanβ/MH± (red solid line). The light-red band represents
the 1σ error, while the dashed and dotted horizontal lines represent BR(B−c → τ−ν¯τ ) < 30% and 10%, respectively.
the ratio of vacuum expectation values v2/v1), which are described in terms of a single parameter, tanβ/MH± . In the
2HDM of Type II, tree-level charged Higgs boson contributions to the B meson processes induced by the semileptonic
transition b→ cτ ν¯τ have been investigated (See, for instance [64–69]). In 2012 and 2013, the BABAR Collaboration
with their full data sample reported a disagreement on the measurements of the ratio of semileptonic B decays, R(D)
11
Observable Allowed regions (2σ) on tanβ/MH± (GeV
−1)
R(D) HFLAV [0.0, 0.08] ∪ [0.44, 0.47]
R(D) Belle combination [0.0, 0.11] ∪ [0.43, 0.47]
R(D) Belle II-P1 [0.45, 0.46]
R(D) Belle II-P2 [0.0, 0.06] ∪ [0.44, 0.45]
R(D∗) HFLAV [0.64, 0.75]
R(D∗) Belle combination [0.0, 0.24] ∪ [0.56, 0.75]
R(D∗) Belle II-P1 [0.67, 0.70]
R(D∗) Belle II-P2 [0.0, 0.17] ∪ [0.58, 0.63]
R(J/ψ) [1.0, 1.05]
FL(D
∗) [0.0, 0.09] ∪ [0.44, 0.67]
Pτ (D
∗) [0.0, 0.32] ∪ [0.56, 1.03]
R(Xc) [0.0, 0.17] ∪ [0.44, 0.72]
TABLE V. The 2σ allowed regions on the parameter tanβ/MH± of the 2HDM of Type II, obtained for the different b→ cτ ν¯τ
observables. The Belle II future projections for an integrated luminosity of 50 ab−1 are also included.
and R(D∗), with respect to the SM predictions [1, 2]. According to the BABAR results, the 2HDM of Type II cannot
explain simultaneously the R(D(∗)) discrepancies [1, 2]. Since then (and to date), the 2HDM of Type II interpretation
was ruled out and 2HDM models with a more generic flavor structure were considered in the literature [30–48]. It is
worth noting that subsequent analysis performed by Belle Collaboration in 2015 [3] and 2016 [4] showed compatibility
with the 2HDM of Type II in the tanβ/MH± regions around 0.45 GeV
−1 [3] and [0.65, 0.76] GeV−1 [4], respectively,
in contradiction with the BABAR measurements [1, 2]. Thereby, given the current experimental situation on the
R(D(∗)) anomalies, HFLAV [12, 13] and Belle combination [9], and the Belle II future sensitivity [20], in this section
we reexamine whether the 2HDM of Type II is still ruled out (or not) as an explanation to the R(D(∗)) anomalies. In
addition, it is also important to confront this model not only to the R(D(∗)) measurements but also to all b → cτ ν¯τ
observables.
By construction, in the 2HDM of Type II the neutrinos are considered to be LH, therefore, the scalar WCs that
contribute to the charged-current b→ cτ ν¯τ are written as [4, 17, 65]
CRLS = −
mbmτ tanβ
M2H±
, (19)
CLLS = −
mcmτ
M2H±
, (20)
wheremb, mc, andmτ are the masses of the bottom quark, charm quark, and τ lepton, respectively. In the literature [4,
17, 65], the coefficient CLLS is usually neglected (C
LL
S ' 0), thus, the charged Higgs boson effect is only dominated
by CRLS which is driven by tanβ/MH± . We begin our analysis by considering the constraints on the parameter
tanβ/MH± from the upper limits BR(B
−
c → τ−ν¯τ ) < 30% [49] and 10% [50]. In Fig. 4 we show the BR(B−c → τ−ν¯τ )
in the 2HDM of type II as a function of tanβ/MH± (red solid line), where the dashed and dotted horizontal lines
represent BR(B−c → τ−ν¯τ ) < 30% and 10%, respectively. We get the following strong bounds
tanβ/MH± < 0.40 (0.32), (21)
for BR(B−c → τ−ν¯τ ) < 30% (10%), implying that large values of tanβ/MH± are excluded. This plot has been
obtained by using the SM estimation BR(B−c → τ−ν¯τ )SM = (2.16± 0.16)% [61]. In addition, in Table V we present
the 2σ allowed regions by each of the b → cτ ν¯τ observables on the parameter tanβ/MH± , namely, R(D(∗)) HFLAV
and Belle combination, R(J/ψ), FL(D
∗), Pτ (D∗), and R(Xc). Regarding the Belle II future scenario described in
Sec. III, we also show the prospects Belle II-P1 and Belle II-P2 that could be achieved at Belle II for an integrated
luminosity of 50 ab−1 [20]. As a result, it is possible to find a common small values region, tanβ/MH± = [0.0, 0.32],
without conflicting with the strongest bound imposed by BR(B−c → τ−ν¯τ ) < 10%; with the exception of R(D∗)
HFLAV and R(J/ψ) that allows large tanβ/MH± values, which are in tension with BR(B
−
c → τ−ν¯τ ) < 30% and
10%. Besides, the projected Belle II-P1 values would be rule out by the bounds of 30% and 10%, while the projection
Belle II-P2 would point out to small values of tanβ/MH± .
To further discussion, we now translate these results into the plane (MH± , tanβ) of the 2HDM of Type II, as
is shown in Figs. 5(a) and 5(b) by the gray region for the R(D(∗)) solutions from Belle combined and Belle II 50
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FIG. 5. Allowed parameter space in the plane (MH± , tanβ) of the 2HDM Type II for (a) Belle combination and (b) Belle II-P2
for 50 ab−1. The allowed regions by B → τ ν¯τ and the inclusive radiative decays B → Xs,dγ [70] are represented by the blue
and red hatched regions, respectively.
ab−1, respectively. The red hatched region corresponds to the 95% C.L. strong bound on the charged Higgs mass
MH± > 580 GeV (independent of tanβ), obtained from inclusive radiative decays of the B meson, B → Xs,dγ [70].
In addition, we also considered the tree-level contributions from the charged Higgs boson exchange in the tauonic
decay B → τ ν¯τ [66]
BR(B− → τ−ν¯τ ) = BR(B− → τ−ν¯τ )SM
(
1− tan2 β m
2
B
M2H±
)2
. (22)
with
BR(B− → τ−ν¯τ )SM = τBG
2
F
8pi
|Vub|2f2BmBm2τ
(
1− m
2
τ
m2B
)2
, (23)
where Vub denotes the CKM matrix element involved, and fB and τB are the B
− meson decay constant and lifetime,
respectively. By using fB = (190.0±1.3) MeV and Vub = (3.94±0.36)×10−3 from Particle Data Group (PDG) [63], we
get a SM prediction of BR(B− → τ−ν¯τ )SM = (9.89± 0.13)× 10−5 that is in agreement (0.4σ) with the experimental
value BR(B− → τ−ν¯τ )Exp = (10.9 ± 2.4) × 10−5 reported by PDG [63]. The allowed regions from B → τ ν¯τ
are represented by the blue hatched regions in Figs. 5(a) and 5(b). For the Belle combination we found that for
30 . tanβ . 70, it is possible to get a large region on the parameter space (MH± , tanβ) to account for a joint
explanation to the R(D) and R(D∗) anomalies, in consistency with B → τ ν¯τ and bounds from inclusive radiative B
decays (MH± > 580 GeV). On the other hand, the projection Belle II-P2 suggests that the 2HDM of Type II would
be no longer disfavored.
VI. SUMMARY AND CONCLUSIONS
Given the present-day 2020 experimental b → cτ ν¯τ data, we analysed the so-called charged-current B meson
anomalies in terms of a charged scalar boson within the framework of a generic 2HDM. We performed a model
independent analysis based on the most general effective Hamiltonian with all the four-fermion scalar operators
involving LH and RH neutrinos. We first explored the associated scalar WCs by paying special attention to those
including RH neutrinos, namely CLRS and C
RR
S . Our study is composed of two set of observables that include the
HFLAV world-average and Belle combination measurements on R(D(∗)), along with R(J/ψ), the polarizations Pτ (D∗)
and FL(D
∗), the inclusive ratio R(Xc), as well as taking into account the upper limits BR(B−c → τ−ν¯τ ) < 30% and
10% [49, 50]. We have also investigated the impact of future measurements at Belle II for R(D(∗)), by regarding two
well-motivated projected scenarios that could be achieved for an integrated luminosity of 50 ab−1 (referred by us as
Belle II-P1 and Belle II-P2). Our results show that there is an allowed region in the parametric space (CLRS , C
RR
S ),
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even for the projection Belle II-P2. Therefore, the effective scalar operators with RH neutrinos offers an interesting
solution to the b→ cτ ν¯τ anomalies.
In the second part of our analysis, we go a step forward by exploring the implications of scenarios for a general
charged scalar boson with Yukawa couplings involving LH and RH neutrinos. We presented a phenomenological study
of the parameter space associated with the charged Higgs Yukawa couplings to the quarks and leptons in the generic
2HDM that can accommodate the charged-current B meson anomalies. By focusing on RH neutrino scenarios, it is
found that for parameter spaces with neutrino Yukawa couplings, there are allowed regions with absolute values of
the Yukawa couplings of the order O(10−1), for a benchmark charged Higgs mass of MH± = 500 GeV. Again, these
results imply that current experimental b → cτ ν¯τ data favors the interpretation of a charged scalar boson with RH
neutrinos.
As an important by product of our analysis regarding the charged scalar boson explanation, we revisited whether
the claim that pseudoscalar NP (P ) interpretations of R(D
∗) are implausible due to the Bc lifetime [49], is still
valid to the light of the recent R(D∗) measurements. We found that BR(B−c → τ−ν¯τ ) < 30% still disfavors the P
pseudoscalar explanation of the R(D∗) HFLAV average value, while this is no longer the case for the R(D∗) data
from Belle combination [9] and LHCb [7]. The projections Belle II-P1 and Belle II-P2 would not be in conflict with
BR(B−c → τ−ν¯τ ) < 30%. Future measurements at Belle II experiment are required in order to clarify this situation.
Finally, we also reexamined whether the 2HDM of Type II is still disfavored as an explanation to the R(D(∗))
anomalies. As the main outcome from this analysis, it is found that for Belle combination is possible to get a large
region on the parameter space (MH± , tanβ) to account for a joint explanation to the R(D) and R(D
∗) anomalies, in
consistency with B → τ ν¯τ and bounds from inclusive radiative B decays (MH± > 580 GeV). This allowed parameter
space is not in conflict with the strong bounds tanβ/MH± < 0.40 and 0.32 that can be set from BR(B
−
c → τ−ν¯τ ) <
30% and 10%, respectively, implying that large values of tanβ/MH± are excluded. Moreover, the projection Belle
II-P2 point out that this model would be no longer disfavored. Thus, after almost eight years, there are good prospects
that the 2HDM of Type II explanation will rise from the ashes.
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Appendix A: General two Higgs doublet model
The most general Lagrangian for the interaction of two Higgs doublets Φ1, Φ2 with the fermions of the SM is given
by
L =− q¯′iLΦ1y1Dij d′jR − q¯′iLΦ2y2Dij d′jR − q¯′iLΦ˜1y1Uij u′jR − q¯′iLΦ˜2y2Uij u′jR
− l¯′iLΦ1y1Eij e′jR − l¯′iLΦ2y2Eij e′jR − l¯′iLΦ˜1y1Nij ν′jR − l¯′iLΦ˜2y2Nij ν′jR
=− q¯′iLΦαyαDij d′jR − q¯′iLΦ˜αyαUij u′jR − l¯′iLΦαyαEij e′jR − l¯′iLΦ˜αyαNij ν′jR , (A1)
where a sum is assumed on repeated indices. Here i, j run over 1, 2, 3 and α over 1, 2. The super index U refers to
up-like quarks (the same is true for the super indices D, E, N which refer to down-like, electron-like, neutrino-like
fermions, respectively). The Higgs boson doublet fields are parametrized as follows:
Φα =
(
φ+α
vα+φ
0
α+iG
0
α√
2
)
, Φ˜α = iσ2Φ
∗
α. (A2)
It is necessary to rotate to the Georgi basis, i.e.,(
H1
H2
)
=
(
cosβ sinβ
− sinβ cosβ
)(
Φ1
Φ2
)
≡ RβαΦα, (A3)
where tanβ = v2v1 . This basis is chosen in such a way that only the neutral component of H1 acquires a vacuum
expectation value v/
√
2 with v =
√
v21 + v
2
2 . In this way Φαy
αF
ij = y
αF
ij (R
T
αβ)RβγΦγ = YβFij Hβ . Where we have
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defined
Hβ = RβαΦα, and YβFij = RβαyαFij . (A4)
(A5)
By writing YαFij explicitly we can classify the different Two Higgs Doublet Model (2HDM) types
Y1Fij = + cosβy1Fi,j + sinβy2Fi,j
Y2Fij =− sinβy1Fi,j + cosβy2Fi,j . (A6)
With these definitions equation (A1) becomes
L = −q¯′iLHβYβDij d′jR − q¯′iLH˜βYβUij u′jR − l¯′iLHβYβEij e′jR − l¯′iLH˜βYβNij ν′jR . (A7)
It is necessary to rotate to the mass eigenstates of the fermion mass, i.e.,
fL,R = U
F
L,Rf
′
L,R. (A8)
From the Lagrangian for the charged currents
LCC = − g√
2
u¯′Liγ
µd′LiW
+ − g√
2
e¯′Liγ
µν′LiW
− + h.c
= − g√
2
u¯Liγ
µV
CKM
dLiW
+ − g√
2
e¯Liγ
µV
PMNS
νLiW
− + h.c, (A9)
it is possible to obtain the Cabibbo-Kobayashi-Maskawa (CKM) and the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrices V
CKM
= UUL U
D†
L and VPMNS = U
E
L U
ν†
L by rotating to the fermion mass eigenstates to obtain an
expression for the Yukawa couplings closely related to the observables and the Wilson coefficients
LH± =− u¯′iLH+β YβDij d′jR + d¯′iLH+†β YβUij u′jR − ν¯′iLH+β YβEij e′jR + e¯′iLH+†β YβNij ν′jR + h.c. (A10)
The charged Higgs fields H±1 are absorbed by the W
± bosons in such a way the unique charged scalars are H±2 ,
which from now on we will simply denote as H±
L(H±) =−H+ (u¯hLXDuhdkdkR − u¯hRXU∗dhukdkL + ν¯hLXEνhekekR − ν¯hRXN∗ehνkekL)
−H− (d¯hRXD∗uhdkukL + e¯hRXE∗νhekνkL − d¯hLXUdhukukR − e¯hLXNehνkνkR) . (A11)
Where XPnhpk =
(
UNL Y2PUP†R
)hk
and XNphnk =
(
UPL Y2NUN†R
)hk
, here we label the up and down isospin components
with P and N , respectively. The corresponding couplings for the boson H1 are denoted by Y
P
nhpk and Y
N
phnk . We
are interested in beyond the SM contributions to the effective Lagrangian, which can explain the charged current
anomalies, i.e.,
LH±(b→ cτ ν¯τ ) =−H+
(
c¯XDcbPRb− c¯XU∗bc PLb+ ν¯XEντPRτ − ν¯XN∗τν PLτ
)
−H− (b¯XD∗cb PLc− b¯XUbcPRc+ τ¯XE∗ντ PLν − τ¯XNτνPRν) . (A12)
1. Effective Lagrangian
Since the quark level the process B¯ → D(∗)τ−ν¯τ is given by b → cτ−ν¯τ , it can be mediated, at tree level, by the
additional Higss H− with the following Feynman rules
bR −→ cL, H−, −iXDcb
bL −→ cR, H−, +iXU∗bc
H− −→ τ−R , ν¯τL, −iXE∗ντ
H− −→ τ−L , ν¯τR, +iXNτν . (A13)
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CLLS C
RL
S
I +V ντ τ
PMNS
mcmτ
M2
H±
cot2 β −V τντ
PMNS
mbmτ
M2
H±
cot2 β
II −V τντ
PMNS
mcmτ
M2
H±
−V τντ
PMNS
mbmτ
M2
H±
tan2 β
X −V τντ
PMNS
mcmτ
M2
H±
+V τντ
PMNS
mbmτ
M2
H±
Y +V τντ
PMNS
mcmτ
M2
H±
cot2 β +V τντ
PMNS
mbmτ
M2
H±
TABLE VI. Wilson coefficients for several 2HDMs in the literature. For a precise definition of these models see appendix A 2.
The process b→ cτ−ν¯τ can be realized in four different ways
bR → cL, H−
(→ τ−R , ν¯τL) , iL1 = c¯L (−iXDcb) bR iM2H± τ¯R (−iXE∗ντ ) ν(+)L
bR → cL, H−
(→ τ−L , ν¯τR) , iL2 = c¯L (−iXDcb) bR iM2H± τ¯L (+iXNτν) ν(+)R
bL → cR, H−
(→ τ−R , ν¯τL) , iL3 = c¯R (+iXU∗bc ) bL iM2H± τ¯R (−iXE∗ντ ) ν(+)L
bL → cR, H−
(→ τ−L , ν¯τR) , iL4 = c¯R (+iXU∗bc ) bL iM2H± τ¯L (+iXNτν) ν(+)R . (A14)
Thus, the effective Lagrangian for b→ cτ−ν¯τ transition is written as
LH±eff (b→ cτ ν¯τ ) =
4GF√
2
V CKMcb
[
CLLS (c¯PLb)(τ¯PLντ ) + C
RL
S (c¯PRb)(τ¯PLντ )
+CLRS (c¯PLb)(τ¯PRντ ) + C
RR
S (c¯PRb)(τ¯PRντ )
]
, (A15)
where
CLLS = +
√
2
4GFV CKMcb
(
XU∗bc
) (
XE∗ντ
)
M2H±
, (A16)
CRLS = −
√
2
4GFV CKMcb
(
XDcb
) (
XE∗ντ
)
M2H±
, (A17)
CLRS = −
√
2
4GFV CKMcb
(
XU∗bc
) (
XNτν
)
M2H±
, (A18)
CRRS = +
√
2
4GFV CKMcb
(
XDcb
) (
XNτν
)
M2H±
. (A19)
We can obtain explicit expressions for these coefficients with the results of the appendix A 4
2. Couplings for the 2HDMs
From the equation (A6) we have the following expressions for the couplings
Y Fghfk =
(
UGL Y1FUF†R
)hk
=
(
UGL
[
+ cosβy1F + sinβy2F
]
UF†R
)hk
XFghfk =
(
UGL Y2FUF†R
)hk
=
(
UGL
[− sinβy1F + cosβy2F ]UF†R )hk . (A20)
In these expressions g and f run over the Yukawa matrices superscripts u, d, e and ν in such a way that for a charged
Higgs (gh, hk, F ) ∈ {(uh, dk, D), (dh, uk, U), (νh, ek, N), (eh, νk, E)}. From these definitions the following 2HDM types
are well known in the literature
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• Type I: all masses of quarks and leptons are given by Φ2, i.e., y1Dij = y1Uij = y1Eij = 0.
• Type II: the up-type quarks obtain their masses from Φ2, while the down-type quarks and charged leptons from
Φ1, i.e., y
2D
ij = y
1U
ij = y
2E
ij = 0.
• Type X: the quarks obtain their masses from Φ2, and the leptons from Φ1, i.e., y1Dij = y1Uij = y2E : ij = 0
• Type Y: the down-like quarks obtain their masses from Φ1 and the remaining SM fermions acquire their masses
from Φ2, i.e., y
2D
ij = y
1U
ij = y
1E
ij = 0.
As we will see later these models avoid flavor changing neutral currents (FCNC), which it is quite convenient for the
phenomenological analysis.
3. Neutral Current couplings
We can obtain the coupling of the neutral Higgs boson to the SM fermion from Eq. (A20) by doing f = g, in this
case, it is more convenient to define Y Fhk ≡ Y Ffhfk and XFhk ≡ XFfhfk
Y Fhk =
(
UFL Y1FUF†R
)hk
=
(
UFL
[
+ cosβy1F + sinβy2F
]
UF†R
)hk
XFhk =
(
UFL Y2FUF†R
)hk
=
(
UFL
[− sinβy1F + cosβy2F ]UF†R )hk . (A21)
For some applications is good to put the Yukawa couplings in terms of the fermion mass. Since Y Fhk is diagonal in the
fermion mass eigenstate we can write these Yukawa matrices as follows
Y Fhk =
√
2
v
mFk δhk, (A22)
clearing UFL y
1FUf†R from the first expression in Eq. (A20) and replacing in the second one, we get
XFhk = −
√
2
v
tanβmFk δhk +
1
cosβ
(
UFL y
2FUF†R
)hk
, (A23)
Contrary case, if we clear UFL y
2FUf†R we get
XFhk =
√
2
v
cotβmFk δhk −
1
sinβ
(
UFL y
1FUf†R
)hk
. (A24)
Equations (A23) and (A24) are equivalent, however, their usefulness depends on the model. For h 6= k these identities
imply that if y2F is zero (since δhk = 0), the component (U
F
L y
1FUF†R )hk is also zero. From this result, we can conclude
that UFL y
1FUF†R must be diagonal. This result is also clear fom Eq. (A20). These results imply that all the 2HDM
types mentioned above avoid flavor changing neutral currents (FCNC).
4. Charged currents
In order to explain the RD and RD∗ anomalies, flavor violating couplings are needed. We are particularly interested
in the effective interaction Lagrangian between a charged Higgs boson and the standard model charged currents. In
order to determine the explicit form of the charged current matrices Y Fghfk and X
F
ghfk , it is convenient to put all in
terms of the neutral charged currents
Y Fghfk =
(
UGL Y1FUF†R
)hk
=
(
UGL U
F†
L U
F
L Y1FUF†R
)hk
=
(
UGL U
F†
L Y
F
hk
)hk
. (A25)
In particular cases this expression means
Y Fghfk =
(
UGL U
F†
L
√
2
v
mF
)hk
=

(
V
CKM
√
2
v m
D
)hk
=
√
2
v (VCKM )
hkmDk for G = U and F = D(
V †
CKM
√
2
v m
U
)hk
=
√
2
v (V
†
CKM
)hkmUk for G = D and F = U(
V
PMNS
√
2
v m
E
)hk
=
√
2
v (VPMNS )
hkmEk for G = N and F = E(
V †
PMNS
√
2
v m
N
)hk
=
√
2
v (V
†
PMNS
)hkmNk for G = E and F = N
.
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XDcb X
U∗
bc X
E∗
ντ X
N
τντ
I + cotβ
√
2
v
V cb
CKM
mb + cotβ
√
2
v
V cb
CKM
mc + cotβ
√
2
v
V τντ
PMNS
mτ 0
II − tanβ
√
2
v
V cb
CKM
mb + cotβ
√
2
v
V cb
CKM
mc − tanβ
√
2
v
V τντ
PMNS
mτ 0
X + cotβ
√
2
v
V cb
CKM
mb + cotβ
√
2
v
V cb
CKM
mc − tanβ
√
2
v
V τντ
PMNS
mτ 0
Y − tanβ
√
2
v
V cb
CKM
mb + cotβ
√
2
v
V cb
CKM
mc + cotβ
√
2
v
V τντ
PMNS
mτ 0
TABLE VII. Yukawa couplings for several 2HDMs in the literature.
Procceding in identical way for the couplings to the additional Higgs doublet
XFghfk =
(
UGL U
F†
L X
F
hk
)hk
=− tanβY Fghfk +
1
cosβ
(
UGL y2FU
F†
R
)hk
= + cotβY Fghfk −
1
sinβ
(
UFL y1FU
F†
R
)hk
. (A26)
This equation allows determining the couplings for each of the models.
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